Effects of temperature change and light exposure on seed germination were extensively studied by Gassner (6, 7) and Lehmann (11, 12) between 1911 and 1915. They found that temperature alternations were often as effective as a light exposure in inducing germination. This early work underlies the current use in seed testing of both stimuli for alternating periods of hours, in logical accord with environmental variation of day and night.
Effects of temperature change and light exposure on seed germination were extensively studied by Gassner (6, 7) and Lehmann (11, 12) between 1911 and 1915. They found that temperature alternations were often as effective as a light exposure in inducing germination. This early work underlies the current use in seed testing of both stimuli for alternating periods of hours, in logical accord with environmental variation of day and night.
Whereas some understanding has developed of the action of light in seed germination as mediated by phytochrome (8) , little attention has been given to implications of a response to a temperature shift. Perhaps a temperature change is expected to so influence all aspects of the germination process as to obscure any specific action, as indeed is likely to be the case when periods are long. But the observation that light action rapidly alters membrane behavior in many plant parts (17, 20) and the indication that germination can respond to temperature changes lasting only for minutes (3, 21, 22) suggest possible shared features in initial steps of the two actions.
In the course of screening work on germination of many kinds of weed seeds, we have encountered several striking indications of interaction between light and temperature stimuli. Some examples were selected for the detailed observations reported here, which show early interplay of the two actions in potentiating germination. Lots of 100 or more seeds were placed on moistened filter papers in Petri dishes, except where noted as being on germination blotters (Fig. 3 ). They were held at 20 C in darkness, except for the time for special treatment, until germination was expressed. Radiation was from fluorescent sources ifitered through red plastic to restrict it chiefly to the region of 590 to 680 nm at levels of 0.4 or 3.3 nano einsteins sec-1 cm-2. Exposures were between 20 sec and 5 min duration. Temperature shifts were made by transferring the seeds in opaque cloth bags between appropriate germinators. When duration of shifts were less than 45 min, the Petri dishes were removed from the bags and opened in darkness to hasten temperature equilibration.
MATERiALS AND METHODS

Observations
Temperature shifts of the order of seconds or minutes were made by flooding the seeds with water at the required temperature and then holding them at that temperature. Treatment was ended by adding ice adequate to reach 20 C. The seeds were then separated from the water under a dim green light (525 nm) and placed on wetted filter papers in Petri dishes which were returned in darkness to 20 C. Seed lots were replicated two to six times. Control lots with water flooding at 20 C were included in all of the short duration tests. Figure 3 and Table III. Delay or advance of an irradiation of L. virginicum seed relative to the temperature-shift period indicated a lower effectiveness of the radiation just prior to the shift than at other times ( Fig. 5) Plant Physiol. Vol. 49, 1972 variables are shown in Tables I and II . Values for interactions of variables for a particular seed kind in these tables are significantly different at the 1% level if the accompanying letter differs. In a physiological sense the high degree of interaction is shown by the great enhancement of germination for a combined action over the sum of the values for the individual actions, even though it might approach saturation (100%). For example, the sum of the germinations of B. verna seeds irradiated with 1 X 10-`einsteins cm-2 X I0O-without a tempera- 20 to 40 C without a light exposure, which is 18%, is markedly less than 79% resulting when both stimuli are used (Table  II) .
RESULTS
Germination of the several kinds of seeds in the presence of the specific inhibitors actinomycin D and cycloheximide from the start of imbibition are shown in Table IV . It is likely that actinomycin D failed to enter the seed. Actinomycin D at the high concentrations used inhibits DNA-dependent synthesis of RNA by RNA polymerase (9) and leads to inhibition of protein synthesis (14) . While cycloheximide, which inhibits DNA transcription, completely inhibits the light response of L. virginicum, it is only partially effective with B. vulgaris and R.
obtusifolius seeds either after light or temperature shift stimuli. The response of R. obtusifolius to cycloheximide was perhaps most significant in that germination was stopped at a very initial stage, shown by an obvious splitting of the fruit coat over the enlarging radicle. In the few seeds where the radicle emerged, it retained the inner testa layers with little subsequent elongations in the presense of cycloheximide. This indication of an early phase of germination is similar to that observed for Chenopodium album L. seeds where a response to light permits the first stage in the presence of (RS)-abscisic acid which inhibits subsequent phases of germination (13) .
DISCUSSION
We are concerned with the action of a shift in temperature and the change in form of phytochrome by light on seed germination as a part of morphogenesis. The main findings are that potentiation of germination by a temperature shift takes place rapidly and interacts strongly with the phytochrome action. Both stimuli act at or near the same point which does not require nucleic acid or protein synthesis. The interaction of the two stimuli enhances germination of many kinds of seeds.
Several distinct stages can be recognized in release to growth of dormant buds and seeds of phanerogams and spores of bacteria and fungi. The stages are perhaps most evident for bacterial spores (19) . In the genus Bacillus the distinct phases are: (a) activation or potentiation of growth, (b) germination or the breaking of the dormant state, and (c) outgrowth or development prior to the first cell division (18) . In seeds the initial stage is rehydration of desiccated cells. This is followed by activation with which we are concerned. Activation includes the breaking of the dormant state. It is followed by radicle enlargement with subsequent germination and development.
Potentiation of germination of R. obtusifolius seeds (No.
177) is evident in 1 to 2 min with a 20 to 40 C temperature shift ( Fig. 3 ; Table III ). The potentiation is even faster with a 20 to 60 C temperature shift, but by 2 min the 60 C temperature is inhibitory (Table III) . It should be realized that the seeds, while rapidly heated, do not reach temperature equilibrium in these short times. The maximum potentiation with a 20 to 40 C shift was attained in 1 to 2 hr and remained constant or decreased by the 4th hr (Figs. 1 and 4) . The slopes of the response curves increase by the order of 10 for a 5 C shift in temperature in the 25 to 35 C range (Fig. 2) . The maximum responses were with a shift of 20 to 35 to 40 C with some depression by 45 to 50 C. We interpret these results as indicating activation of a specific process of germination for which there is a critical threshold of stimulus. Enhancement of germination potentiated by the initial action is adversely influenced as the temperature is increased and the time at the higher temperature is lengthened. These last effects are likely to arise from action on parts of the germination process following the initial event. 
Numbers in parentheses refer to results for L. virginticum Interaction of a temperature shift and light (Tables I and  II) is most evident for seeds of L. virginicum (Table II) . A temperature shift alone does not cause germination, but greatly enhances the effectiveness of a brief light exposure. Thus, a light exposure leading to 2% germination at constant 20 C induces 53% after a 20 to 40 C shift for 32 min (Table II) . Whereas an interaction is hazardous to interpret in a physiological sense (4), the rapidity of action of the two stimuli and similarity of their responses to cycloheximide as well as par-simony of hypothesis, encourages us to think that the actions are on the same cell part. Irrespective of interpretation, however, the two stimuli do not need to be simultaneous to interact (Fig. 5) , although there is some variation in the degree of interaction with the relative timing of the stimuli. A more striking dependence on the relative timings was observed by Isikawa and Fujii (10) for germination of Rumex seeds.
Failure of cycloheximide at relatively high concentrations to prevent some radicle enlargement for most or a considerable fraction of R. obtusifolius seeds in response to a temperature shift or to light (Table III) indicates that activation does not depend on protein or nucleic acid synthesis (note [1] in contrast). In bacterial spores the heat-activation process, which leads to increased activity of glucose-oxidizing enzymes without germination, is interpreted as an "unmasking" of existing enzymes rather than synthesis (18) . This unmasking could be a change in enzyme distribution as limited by membrane permeation, removal of an inhibitor, or a change in enzyme configuration. Our results with seeds can be similarly interpreted. "Outgrowth" from spores and continuation of seed germination imply the starting up of growth after an initiation process.
Comparative effects of a temperature shift and/or light on other diverse phenomena is instructive as to what might be the nature of the initiation process. Response to a temperature shift of similar degree and duration as used here with seeds is shown in breaking bud dormancies (15), a practice followed in preparing many woody plants for spring garden shows. Leaf motion of Mimosa pudica L., also responds to a temperatureshift or a change in phytochrome as well as to touch (5) .
Phasings of rhythmic responses of various organisms are known to be established by environmental variables. Change in light, as from day to night or night to day, is widely appreciated in this respect. But a temperature shift of short duration is known to be effective for rhythmic responses of poikilothermic creatures (2) . Whereas the manner of action of either stimulus has not been established for animals, that of photocontrol of leaf closure in legumes, such as Mimosa pudica L. and Albizia julibrissin Durazz., is affected by the action of phytochrome on potassium ion permeation of the pinnule pulvini (17) . Phasing of the flowering response to the photoperiodically-sensitive plant Pharbitis nil L. Choisy has been observed to be controlled by phytochrome action or by a temperature shift of 2-hr duration (16) . The two stimuli, moreover, interacted strongly on the flowering response of P. nil (16) .
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